Abstract. An equimolar mixture of Ni(NO 3 ) 2 ·6H 2 O and pyridine-2-aldehyde with two equivalents of NaN 3 in methanol in the presence of NaOMe resulted in the formation of light green precipitate which upon crystallization from dimethylformamide (DMF) yielded light green single crystals [{Ni 2 Na 2 (pic) 4 (N 3 ) 2 (H 2 O) 2 (MeOH)}· MeOH·3H 2 O] n (1) and [{Ni 2 Na 2 (pic) 4 (N 3 ) 2 (H 2 O) 4 }·2DMF·H 2 O] n (2) (pic = pyridine-2-carboxylate) at room temperature and high temperature (100
Introduction
After the discovery of exciting single molecular magnetic (SMM) behaviour in Mn 12 -acetate cluster, metal clusters of different paramagnetic metal ions have been receiving tremendous attention because of their magnetostructural relationship. [1] [2] [3] [4] [5] [6] [7] [8] Physical properties (magnetic, optical, etc.) of these materials depend mainly on their structures. Frequently, polymeric magnetic networks also contain repetition of paramagnetic cluster units. 9 Hence, their bulk magnetic nature becomes collective behaviour of cooperative magnetic clustering units. There are several magnetic parameters [spin (S), dipolar, isotropic, anisotropic exchange parameter, zero field splitting (D), etc.] which operate on each other and thus their properties depend on the positions of the paramagnetic spin ions with respect to each other. 10 For a SMM, two most important parameters are of essential criteria: negative D and high S. Usually in paramagnetic clusters, metal ions are linked to each other by diamagnetic bridging ligands and 9,11 the magnetic * For correspondence exchange propagates through those bridging pathways. The coordination geometry and environment of a paramagnetic ion is also very important when magnetic behaviour is concerned as it has direct influence on anisotropy (D) parameter. 12 Since paramagnetic metal ions (Ln III , Mn III , Co II , Ni II , Cr II , etc.) contain considerable amount of single-ion magnetic anisotropy, the effect of which on their magnetic behaviour of a cluster is obvious. 13, 14 Healthy contribution of S and D can bring up exciting magnetic behaviour in a magnetic system. Thus synthesis of new clusters, their magneto-structural correlation and extraction of their magnetic parameters are very important in order to enrich the literature and make the understanding better. Since Ni II II 4 26 complexes to get better ideas on magnetic and optical properties. 23, 33 Being inspired by the above mentioned facts, we used pyridine-2-aldehyde as a blocking agent and sodium azide as a magnetic coupler [34] [35] [36] [37] 39 In case of 1 and 2, pyridine-2-aldehyde was oxidized to picolinic acid. Picolinate anion bridged between Ni II and Na I (scheme 1) in 1 and 2. Here we also report the magnetic properties, X-band EPR and DFT calculations to corroborate the magnetic results of the 1D heterometallic chains 1 and 2.
Experimental

Materials and methods
Pyridine-2-aldehyde, Ni(NO 3 ) 2 ·6H 2 O, NaN 3 and NaOMe are commercially available and were used as received without any further purification. All solvents were commercially available and used as received.
Physical measurements
Elemental analyses (C, H, N) were performed using a Perkin-Elmer 240C analyzer. IR spectra were recorded in the range 4000-400 cm −1 in FT-IR spectrometer using KBr pellets. The variable temperature magnetic studies were carried out on crystalline samples using a Quantum Design SQUID magnetometer. The experimental susceptibilities were corrected for diamagnetism (Pascal's tables). Caution! Azide complexes are potentially explosive in the presence of organic ligands. Only a small amount of the material should be prepared and handled with care.
Synthesis of [{Ni
Pyridine-2-aldehyde (107 mg, 1 mmol) and Ni(NO 3 ) 2 . 6H 2 O (290.8 mg, 1 mmol) were taken in 5 mL of methanol and solid NaOMe (54 mg, 1 mmol) was added to the resulting solution to form a green solution. The resultant solution was layered with aqueous solution (2 mL) of NaN 3 (130 mg, 2 mmol). Microcrystalline green product was appeared at the junction. Light green block shaped crystals of 1 were formed in about three weeks from the DMF solution of the microcrystalline solid product. Isolated yield: 30%. Anal calcd for C 26 
Synthesis
Pyridine-2-aldehyde (107 mg, 1 mmol) and Ni(NO 3 ) 2 . 6H 2 O (290.8 mg, 1 mmol) were taken in 5 mL of methanol and solid NaOMe (54 mg, 1 mmol) was added to the resulting solution to form a green solution. An aqueous solution of NaN 3 (130 mg, 2 mmol) was added slowly with continuous stirring for 15 min. Microcrystalline green product was formed in half an hour. The solid product was dissolved in a mixture of DMF (10 mL), MeOH (7 mL) and water (2 mL) and heated at 100
• C for 12 h in a Teflon lined hydrothermal bomb. Slow evaporation of the resulting solution led to the isolation of nice block shaped green crystals of 2 within a week. 
Crystal structure determination
Single crystals were mounted on a Bruker Apex-II CCD diffractometer equipped with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). The SMART program was used for data acquisition, and the SAINT program was used for data extraction. 40 The structures were solved by direct methods using the SHELX-97 41 incorporated in X-Seed. 42, 43 Empirical absorption corrections were applied with SADABS. 44 All nonhydrogen atoms were refined anisotropically and were located on geometrically calculated positions. Single crystal data of 1 and 2 were collected at 150 K and 123 K respectively. A summary of crystal data and structure refinements are listed in table 1. Selected bond parameters for all complexes are assembled in table 2.
Computational methodology
The exchange coupling constants in the reported complexes have been calculated using a phenomenological Heisenberg Hamiltonian H = − J i S j .S k (where i labels the different kinds of coupling constants, while j and k refer to the different paramagnetic centres) 45, 46 to describe the exchange coupling between each pair of transition-metal ions present in the polynuclear complex. To calculate the exchange coupling constants for the polynuclear complexes with n different exchange constants, the energy of n + 1 spin configurations was calculated. In the case of the studied model dinuclear complexes, the exchange coupling value J was obtained by taking into account the energy of two different spin distributions: high spin quintet (Q) with S = 2 and low spin singlet with S = 0. The following equation has been employed to calculate the exchange coupling constant,
where E is the energy difference between broken symmetry singlet state (E S(BS) ) and quintet state (E Q ). The hybrid B3LYP functional 48 has been used in all calculations as implemented in Gaussian 03 package, 49 mixing the exact Hartree-Fock type exchange with Becke's expression for the exchange functional 50 and that proposed by Lee-Yang-Parr for the correlation contribution. 51 The use of the non-projected energy of the broken-symmetry solution as the energy of the low spin state within the DFT framework provides more or less satisfactory results avoiding the cancellation of the non-dynamic correlation effects. 52 The broken symmetry approach along with electron correlations at the B3LYP level has been widely used to investigate magnetic properties in a large number of magnetic systems. We have considered LANL2DZ basis set for Ni and 6-31G for rest of the atoms. 
82.09 (7) Symmetry transformations used to generate equivalent atoms: #1 − x + 2, y, −z + 1
Results and discussion
Synthesis
The 4 ], a similar kind of reaction was performed using Ni(NO 3 ) 2 ·6H 2 O instead of Cu(NO 3 ) 2 ·3H 2 O. However, we were unsuccessful in getting single crystals for further study. Then a slight change in the molar ratio and replacement of 4-aminopyridine by NaOMe (1 mmol) were adopted. X-ray crystal structure of 1 revealed the formation of an 1D chain of defect cubane Na I 2 Ni II 2 cluster with two Ni II ions in body positions and two Na I ions in the wings. Crystal structure revealed that pyridine-2-aldehyde was oxidized to corresponding pyridine-2-carboxylic acid (picolinic acid). The absorption peaks at 2065, 1671, 1638 and 1385 cm −1 in the IR spectrum of the complex 1 are presumably due to the bridging azide and the picolinate, respectively.
Complex 2 was prepared in a slightly different way. The green microcrystalline product obtained after mixing the reactants was dissolved in a mixture of DMF (10 mL), MeOH (7 mL) and water (2 mL) and heated at 100
• C for 12 h in a Teflon lined steel bomb. Slow evaporation of the green filtrate in air led to the isolation of green single crystals of 2 in high yield. X-ray crystal structure of 2 revealed an almost similar 1D chain structure of defect cubane type Na 2 Ni 2 as repeating unit. The absorption peaks at 2064, 1671 and 1637 cm −1 in the IR spectrum of the complex 2 are presumably due to the bridging azide and picolinate carboxylate moieties, respectively. Synthetic strategy of all the complexes is summarized in scheme 2.
Binding of pyridine-2-carboxylaldehyde to the Ni II centre and hydration at the aldehyde-carbon followed by aerial oxidation to acid is a probable mechanism of formation of picolinate. Attempts to obtain 1 and 2 directly using picolinate instead of pyridine-2-aldehyde were failed. However, an analogous reaction using Cu(NO 3 ) 2 ·2.5H 2 O yielded a known heterometallic polymer [NaCu(pic)(N 3 ) 2 ] n . 39 
Crystal Structure of 1
From the single crystal X-ray diffraction data it was clear that pyridine-2-aldehyde was oxidized to the corresponding carboxylic acid (picH). The crystallographic asymmetric unit of complex 1 contains two independent Ni II Na I units with two picolinates, one azide, two μ 2 -H 2 O and a methanol molecule coordinated to one Na(I) ion (figure 1). The coordination geometry around both the Ni(II) centres is distorted octahedral. Two pyridyl nitrogens and two picolinate-oxygens are coordinated to each Ni(II) ion in chelating fashion and the other two However, each Na + ion has O 5 N coordination atmosphere. One Na(I) is coordinated to two bridging water, three carboxylate oxygens and one azido nitrogen. The second Na(I) is coordinated to two bridging water, two carboxylate oxygens, one azido nitrogen and one MeOH (2) • and 98.9(2)
• , respectively, which are in the range for showing ferromagnetic interaction through the end-on azido pathway. Two Na(I) (Na1 and Na2) ions are bridged by two bridging water molecules and a carboxylate group with distance Na(1)-Na(2) = 3.367(4) Å. One MeOH and three water molecules of crystallization were present in the crystal lattice. Several H-bonding between these solvent molecules and two μ-H 2 O/picolinates were found in the solid state structure. There is a centre of symmetry between each crystallographic Ni II Na I asymmetric unit. Bridging water and picolinate moieties link the heterometallic defect dicubanes to form a 1D chain structure (figure 1).
Crystal Structure of 2
The crystal structures of 1 and 2 are closely related except the bridging fashion of the picolinate and the environment around Na(I) centres. The crystallographic asymmetric unit of complex 2 also contains two independent Ni II Na I (figure 2) units. (7) • which is in the range for showing ferromagnetic interaction through the end-on azido pathway. The coordination view around the Ni(II) centres is shown in figure 2 . Na + ions in the onedimensional chain are also found to occupy octahedral coordination geometry. Each Na(I) ion is linked to Ni(II) centre through the bridging carboxylate moiety of two picolinates with the bond angles Na(1)-O(1)-Ni(1) = 103.67 (6) • and Na(1)-O(3)-Ni(1) = 100.62 (7) • . The 3 rd coordination position is occupied by the azide group which acts as a bridge between the Ni(II) and Na(I) ions with bond length Na(1)-N(5) = 2.559(2) Å. Three water molecules occupy the other three coordination positions. The complex was crystallized with water and DMF as solvents of crystallization. Aromatic π-π interaction between the picolinates and hydrogen-bonding interaction through water molecules link the neighbouring chains.
The overall packing view (figure 4) shows the formation of two different pockets one of which is occupied by water molecules while the other one hosted DMF molecules. Interestingly, these pockets are repeating in an alternate ABAB fashion in both the crystallographic b and c directions. Both complexes are stable in air for few minutes but lose crystallinity afterward probably because of loss of solvents molecule. 
Magnetic behaviour
The temperature dependence magnetic susceptibilities were measured on powder samples of Ni 
13,53
The values of χ T of 1 and 2 increase gradually from 300 K to 100 K and then rapidly with further cooling (figures 5 and 6) and reach maxima at 19 K (3.76 cm 3 decrease at lower temperature region can be ascribed to the ZFS of the ground state or due to intermolecular antiferromagnetic interaction. The magnetic data were analysed using the Ginsberg's model, considering the isotropic spincoupling Hamiltonian 15, 17 
where i = x, y or z. The term D (single-ion magnetic anisotropy) represents the usual zero-field splitting of the 3 A 2 ground state of nickel(II).
12,13
The expression for the susceptibility 15, 16 used for fitting the magnetic data is given in supporting information.
The inter-dimer interaction was taken into account by mean field theory.
The best-fit parameters obtained for 1 using the above expression are J = +10.28 (2) figure 6 ). Similar D values for Ni(II) systems were reported earlier. 18, 20 The presence of moderately strong ferromagnetic interaction in the molecule can be easily attributed due to the Ni(1/2)-N(azido)-Ni(1/2) bond angles of 97.19 (19) • and 98.9(2) for 1 and 98.09(7)
• and 97.91(7)
• for 2, which are far below the angle 108
• above which end-on azido bridged Ni(II) complexes show antiferromagnetic interaction. 53 The magnetic data were also fitted using the model of isolated Ni 2 dimer (no-intermolecular interaction) considering no zero-field-splitting parameter but did not produce satisfactory fit. The fittings to the different models considering J , z J and D were performed and best fittings are shown in figures S2 and S3 (for complexes 1 and 2 respectively). Some plots with different J and D were simulated (see Supporting Information, figures S4-S7) in order to compare with that of 1 and 2. The fitting of magnetic data of 1 in the low temperature region was not fully satisfactory, which could be due to non-inclusion of D AB parameter in Ginsberg's model. [15] [16] [17] [18] The field dependence of magnetization for both 1 and 2 at 2 K increases with increasing dc field and reaches saturation of magnetization [μ B = 4.04 (2) temperatures (figure 7, inset) are not superimposed on a single master-curve as expected for anisotropic system, which indicates the presence of magnetic anisotropy and/or low lying excited states.
14 While, the M vs H/T plots at low temperatures (figure 8, inset) for 2 are almost superimposed on a single master-curve as expected for a weakly anisotropic system. The best-fit of M vs H plots using Brillion function 13 for 1 and 2 at 2 K are provided in Supporting Information (figures S9-S10). Since very small structural changes can significantly change the energy diagram of the magnetic orbitals, EPR measurement and DFT calculations were done in order to get more accurate insight on the magnetic behaviour of 1 and 2. 
EPR measurements
The X-band EPR spectra of the complexes 1 and 2 were measured on solid powdered samples in the selected temperature range at 9.39231 GHz. The magnetic field has swept in the range of 0 to 10000 G. The nice crystals of two complexes (1 and 2) were grinded to make powder for EPR measurements.
The X-band EPR spectra of 1 at three different temperatures (4, 15 and 30 K) showed three major absorption peaks. The first absorption looked like a wide doublet between 0 and 3000 G followed by second broad absorption between 5000 and 6000 G and the third one was comparatively sharper at 8800 G. The number of absorptions remained same at 4 K and 30 K. The intensity of all absorption peaks gradually decreased with increasing temperature (figure 9, left). It corroborates with the zero-field-splitting as observed in the lower temperature. The X-band EPR spectra of complex 2 were completely different from that of complex 1 ( figure 9 ). This complex (2) showed several major absorption peaks at 180, 1350, 3050, 4950, 9500 G due to the zero-field-splitting of the ground state. An additional absorption peak appeared at 2450 G above 25 K and became more prominent as temperature increased from 25 K to 50 K while the intensity of other absorption peaks decreased with increasing temperature. The origin of an EPR spectrum is the elec- Two signals between 6000 and 8800 G of 1 can be assigned to allowed transition of M = 1 and usually forbidden transition of M = 2. The related signals were also observed in 2 with a shift in the positions. 54 The complexes 1 and 2 can be put into weak exchange limit 18 as magnetic exchange parameter J ≈ 10 cm −1 and thus the mixing between the different spin states is possible leading to the breaking of the selection rule ( S = ±1). Since ZFS parameter of 2 is smaller in magnitude, the probability of mixing of spin states [such as between (2,0) and (0,0)] is more in 2. Consequently, additional multiple signals (e.g., electronic transition) in between 2500 to 6000 G were observed for 2.
DFT Calculation
To obtain a better insight on the origin and difference of the magnetic interactions in the present complexes, quantum mechanical DFT calculations were performed using Gaussian '03 package with broken symmetry formalism. Here, our main aim was to investigate the origin and difference in magnetic behaviour of complexes 1 and 2 although both of them have almost similar dimeric magnetic core. For simplicity we reduced the structures to model complexes, as given in the figure 10. DFT calculations on both the complexes were done in two ways: (i) taking into account only two Ni(II) ions with azide bridge (figure 10, left side); and (ii) considering Ni II 2 Na I 2 unit as the magnetic core (figure 10, right side). All the geometric configurations of the model complexes were taken from the experimental crystal structure data.
In both 1 and 2, the overall multiplicity of the ground state was obtained to be 5 (quintet). The low-spin (triplet) and lowest spin (singlet) states are found to be higher (2) . The little difference between the experimental and theoretical results is due to fact that the experimental J and D correspond to the full three-dimensional systems, while the calculations are performed on the dimeric model structures.
The spin density distribution in magnetic systems reveals valuable information on the mechanism of magnetic interaction between the magnetic centres. The delocalization of atomic spin density of the paramagnetic centres through the bridging atom produces the magnetic coupling interactions; more delocalization gives strong interaction and less one affords weak magnetic coupling.
The Mulliken spin density analysis has been done for the complexes 1 and 2 on both Ni For complexes 1 and 2 the magnetic orbital analysis in their high-spin states shows that SOMOs are composed of metal d orbitals and local orbitals of the ligands. As both the complexes are isostructural, the SOMOs are almost same in both the complexes (figure S10, Supporting Information). It is evident that the d x 2 − y 2 and d z 2 orbitals of Ni(II) are involved in the magnetic interactions. In both the cases the bridging ligand in the xy plane interacts with both the d x 2 − y 2 and d z 2 orbitals of Ni(II) through σ fashions. The contribution of the local orbital of the bridging ligand to the magnetic orbitals is small in complex 1 compared to complex 2. But, the strong contribution of local orbital of bridging ligand in the magnetic orbitals indicates the strong ferromagnetic interaction in both the complexes and that corroborate the experimental findings.
